An efficient synthesis of a series of 1-(diethoxyphosphoryl)cyclopropancarboxylates was accomplished by the reaction of terminal 1,2-diols cyclic sulfates with triethylphosphonoacetate. The stereochemistry of 2-benzyloxymethyl-1-(diethoxyphosphoryl)cyclopropanecarboxylic acid was determined by the single crystal X-ray structure analysis.
Introduction
During the last several years cyclopropanation of dialkyl malonates with 4-alkyl-2,2-dioxo-1,3,2-dioxathiolanes has emerged as a versatile method for construction of cyclopropane carboxylic acid derivatives -the attractive synthons of aminocyclopropanecarboxylic acids and various carbo-and heterocyclic coumpounds. [1] [2] [3] [4] [5] [6] [7] [8] It is well documented that succeeding steps of this reaction consist in fully regioselective dioxathiolane ring opening with the malonate anion and intramolecular SN2 type substitution of a sulfate residue in the resulting intermediate. Surprisingly, similar cyclopropanation of acetates activated by other electron withdrawing groups remains almost unexplored. To the best our knowledge the literature contains only one example of such a reaction. It has been demonstrated that the base promoted cyclopropanation of t-butyl dimethoxyphosphorylacetate with (S)-4-methyl-2,2-dioxo-1,3,2-dioxathiolane proceeds highly regio-and stereoselective, affording t-butyl trans-(1R,2R)-1-dimethoxyphosphoryl-2-methylcyclopropanecarboxylate with ee>99% and de 94%.
Results and Discussion
In the search of an effective approach to C-2 functionalized trans-1-aminocyclopropanephosphonic acids as potential biologically active compounds, we envisaged that the corresponding trans-2-alkyl-1-(dialkoxyphosphoryl)cyclopropanecarboxylates 4 might be their useful precursors.
In this paper, we demonstrate that the cyclopropanation reaction of alkyl dialkoxyphosphorylacetates with 2,2-dioxo-1,3,2-dioxathiolanes 2 has general applicability and that it can serve successfully as a source of different carboxylates 4. We selected commercial triethylphosphonoacetate 3 as a model substrate and structurally various 2,2-dioxo-1,3,2-dioxathiolanes 2a-d as representative cyclopropanating reagents. The thiolanes 2a-d were readily synthesized from the appropriate terminal 1,2-diols 1a-d following the routine one pot Sharpless procedure. 1 The acylation of diols 1a-d with thionyl chloride followed by oxidation, with sodium periodinate in the presence of catalytic ruthenium chloride, afforded 2a-d in high yields (Scheme 1) . The crude thiolanes 2a-d did not required purification to be used in subsequent reaction step.
Scheme 1
Treatment of the thiolanes 2a-d with triethylphosphonoacetate 3 in the presence of two equivalents of NaH in THF at reflux for 8h provided the corresponding cyclopropanes 4a-d as single diastereoisomers in all cases (Scheme 1). Spectroscopic studies were not sufficient in determining the stereochemistry of the cyclopropanecarboxylates 4a-d. The single crystal X-ray structure analysis of the 2-benzyloxymethyl-1-(diethoxyphosphoryl)-cyclopropanecarboxylic acid 5, which was prepared by base promoted hydrolysis of the cyclopropanecarboxylate 4c, (Scheme 2) showed that the phosphoryl and benzyloxymethyl groups are in mutual trans relationship (Figure 1 ). The cyclopropane endocyclic C-C bonds show a characteristic bondlength asymmetry which follows from the interactions of ring orbitals with π system of a substituent. 14, 15 The shortest bond (C2-C3) is located opposite the diethoxyphosphoryl and carboxylate substituents while the longest (C1-C2) is placed in front of the unsubstituted endocyclic C3 atom. The C1-C3 is a distal bond for the benzyloxylmethyl substituent. In the crystal, molecules are linked by strong hydrogen bonds involving the phosphoryl O2 and carboxylate O3 atoms [O2-H2 0.85 (6) 16 between the phenyl rings and hydrogen atoms of the methylene groups. Therefore, taking into account the method of preparation and structural similarity, we by analogy assigned the trans configuration to the obtained products 4a-d. In this context, it is also worth nothing that the values of coupling constant 3 JPH = 16.0 Hz and 3 JPH = 16.5 Hz observed in 1 H NMR spectra of 4a and 5 respectively, were consistent with the synperiplanar arrangement of the phosphorus and H-2 atoms. (2); P-C1-C3 116.1(2); P-C1-C12 121.5(2); C1-C2-C3 60.3(2); C1-C3-C2 62.5(2); C2-C1-C3 57.2(2); C1-C2-C4 122.9(2); C3-C2-C4 123.9(3); C2-C1-C12 117.7(2) C3-C1-C12 115.2(2);. Selected torsion angles [°]: P-C1-C2-C3 107.4(2); P-C1-C2-C4 -139.3(3); P-C1-C12-O2 13.9(3); O1-C12-C1-C3 -17.7(4); O3-P-C1-C2 -32.7(2) ; O3-P-C1-C3 30.6(3); O3-P-C2-C12 179.6(2); O6-C4-C3-C1 170.3(3); C4-C3-C2-C12 9.8(4).
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Scheme 2 Conclusions
In summary, our studies have clearly demonstrated general applicability of synthetic strategy based on cyclopropanation of triethylphosphonoacetate 3 with cyclic sulfates 2 of terminal 1,2-diols for diastereoselective synthesis of substituted 1-(diethoxyphosphoryl) cyclopropanecarboxylates.
Experimental Section
General. Reagents were purchased from commercial sources and used as received without purification. Solvents were dried by standard procedures. Diols 1a, 10 1b 11 and 1c 12 were obtained according to the literature procedures. NMR spectra were recorded on a Bruker DPX 250 instrument at 250.13 MHz for 1 H and 62.9 MHz for 13 C and 101.3 MHz for 31 P NMR, respectively, using tetramethylsilane as internal and 85% H3PO4 as external standard. The multiplicities of carbons were determined by DEPT experiments. IR spectra were measured on Specord M80 (Zeiss) instrument. Elemental analyses were performed on Perkin-Elmer PE 2400 analyzer. Melting points were determined in open capillaries and were uncorrected.
X-ray crystal structure analysis
A colourless single crystal of 5 (0.1 × 0.2 × 0.6 mm) was obtained by a slow evaporation from the chloroform-acetone mixture. X-ray data were collected on the Bruker Smart APEX diffractometer at room temperature with a graphite monochromatized MoKα radiation. Crystal structure was solved with direct methods and further refined using full matrix least squares technique. Crystal data and structure analysis parameters are summarized in Table 1 . The following computer programs were applied during the analysis: data collection SMART, 17 data reduction SAINT-PLUS, 18 absorption correction SADABS, 19 structure solution, refinement, and molecular graphics SHELXTL. to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Any request should be accompanied by a full literature citation. 
General procedure for preparation 1-(diethoxyphosphoryl)cyclopropanecarboxylates (4a-d)
To a stirred suspension of NaH (0.15g, 6.0mmol) in THF (25mL) triethylphosphonoacetate 3 (0.60mL, 3.0mmol) was added at room temperature. After stirring for 0.5h a solution of corresponding sulfate 2 (3.0mmol) in THF (10mL) was added and the resulting mixture was stirred at room temperature for 0.5h and then at reflux for 8h. After that time, the reaction mixture was poured into water (5mL), extracted with DCM (3x10mL) and organic layer was dried over MgSO4. Removal of the solvent gave the crude products 4, which were purified by column chromatography ( silica gel, eluent: chloroform/acetone 80:20 
Procedure for preparation trans-2-Benzyloxymethyl-1-(diethoxyphosphoryl)cyclopropanecarboxylic acid (5)
To a solution of cyclopropanecarboxylate 4c (0.37 g, 1.00 mmol) in ethyl alcohol (5 mL) a solution of NaOH (0.08 g ; 2.00 mmol) in water (0.5 mL) was added and the reaction mixture was stirred at room temperature for 2 days. Then the solvent was evaporated and residue was dissolved in water (10 mL) and extracted with diethyl ether (3x10 mL). Then the water layer was acidified to pH 1 with 3N HCl and extracted with dichloromethane (3x10 mL). The combined organic layers were dried (MgSO4) and evaporated under reduced pressure. The residue crystallized on standby to give acid 5 as white solid, which was collected by filtration from diethyl ether. trans-2-(Benzyloxymethyl)-1-(diethoxyphosphoryl)cyclopropanecarboxylic acid (5 
